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The purpose of this appendage is to discuss an effort to
facilitate the study of protection of scientific satellite power
systems by prov1d1ng an analog computer simulation of a typlcal
system, Such a simulation would provide many opportunities for
tudying system protectlon problems., System operation could be
Z:]‘?V/#slowed down by t¢me scaling techniques, all system parameters could
be readily varied, and faults inserted into the system. There are
also many disadvantages to using a computer simulation of a sys tem
as a means of studying system protection, A given computer simulation
is a model of the system only over a limited range. If the equations
describing the system change form due to parameter changes or other
stresses, the simulation must be changed also to remain valid. Also,
approx1matlons are usually involved when a system is described
mathematically and these become inaccuracies in the simulation.

There are other limitations to a computer simulation study
that should be pointed out. Satellite power systems are characteris-
tically very non-linear and, consequently, difficult to simulate.
Reallstlcally, only circuit considerations should be included in
the study since the inclusion of other stresses such as environment
would greatly increase the complexity of the simulation. There are

© also limitations associated with faults that could be inserted in
‘ the simulation. A short circuit in the simulation, for example,
would require that the input and output 1mpedances cf the electricaily
near-by components be included in the simulation in order to see the
effects of the short. This, too, would greatly increase the complexity
of the simulation,

The effort described here is an initial step toward an analog
simulation as a means of studying system protectlonp Many problems
are pointed out and some successes noted. It is hoped that further
work will result.
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It has been pointed out that the electrical power system of
a satellite is extremely nonlinear and, therefore, difficult to
simulate. Frequently, the simulation of nonlinear systems can be
simplified by including actual hardware components in the simulation.
In a typical satellite electrical power system, for examplgs several
courses of action are possible. In order to illustrate this, considc -
the simplified block diagram of a satellite electrical power system
shown in Figure 1. A simulation of the Prime Converter-Regulator,
for example, can be avoided by providing & substitute input to all
. points in the computer that the output of the Prime Converter-Regule
would go. This substitute input could be the output of an actual
hardware Prime Converter-Regulator under certain conditions. A

Some Considerations




similar situation would be to use an actual hardware converter to
replace, for example, Converter "A", Here again, several conditions
are imposed. First, the hardware element must be compatable with

any time scaling or amplitude scaling required by the computer
portion of the 81mu1atlon° A simple first order filter, for example,
could not be placed in a computer simulation that had been time
scaled without hav1ng its corner frequency adjusted correspondingly,
In some instances, circuits 1nvolv1ng magnetlc cores for example,
time scale adjustments are not so easily made. A second problem with
including hardware components in a computer simulation is the
requirement that the hardware component have a high input impedance.
In an analog computer, every variable is represented by a voltage at
the output of an operational amplifier. Such amplifiers have high
impedance outputs and, generally, cannot be used to drive hardware
elements dlrectly. Flnally, it would generally be necessary to change
a variable from its voltage analog back to its actual form before it
could be used as an input to a hardware element° Likewise, computer
inputs from hardware components must also be in voltage form. Switching
transistors requiring low values of base current to saturate are good
examples of hardware that could be reallstlcally substituted in a
simulation.

Because of the large number of magnetic-core devices in
satellite electrical power supply systems, and because of the 1mportant.
fundamental functions these devices perform, it is considered important
that the characteristics of these devices be included as accurately
as possible in the simulation of such systems. Simply substituting
a square wave input for the ouzgut of a converter, for example, limits
the simulation to the satellites several experiments, and the inclusion
in the simulation of actual magnetic-core devices introduces serious
time and amplitude scaling and impedance matching problems. These
reasons suggest that the magnetic core devices actually be simulated
in the computer without hardware substitution., However, there are
studies that could be made involving the protection of a single
experiment within the satellite without attempting to simulate magnetic-
core devices such as converters. The problems involved, and the
solutions would be dependent upon each individual experiment. In
the following discussions, attention is concentrated upon simulating
magnetic-core devices,

Obtaining the B-H Relationship

The simulation of circuits involving magnetic-core devices
is made difficult by the extreme nonlinearity of the relatlonshlp
between magnetic flux density (B) and magnetic field intensity (H).
This is particularly true for "square-loop" magnetic materials,
Combining such nonlinearities as backlash and saturation can result
in a function with the characteristic shape of a major hysteresis
loop, but these tend to become unstable as the hysteresis loop
is made to become a square loop. A square loop can also be generated
with bi-stable switching circuits, but requirements involving time
are not raadily satisfied in such circuits.



An Analytic Expression,

An analytic expression relating B to H in the magnetic
materials to be simulated, if not too complex, would be a most
desirable aid in developing a simulation. It would prov1de a direct
means of accompllshlng the simulation; and, if the expre381on were
a differential equation, it would likely provide the time derlvatlve
of B dlrectly, ellmlnatlng a subsequent differential operation in
the 51mulatlono This would be a particular advantage since differ-
entiation is avoided whenever possible in an analog computer and the
time derivative of B will surely be required in the simulation.

Several efforts to obtain approximate analytical expressions
relating B to H have been recorded. Some of these have used
experlmental methods to obtain expressions relating B and H in a
given sample and for a limited set of condltlons (1), Others have
obtained expressions that described a given hystere31s loop (2).

None of these expre881ons seem suitable for use in an analog computer
simulation of magnetlc-core characteristics. Generally the
expressions are difficult to simulate, would require a prohibitive
amount of equipment, and are useful only over a limited range of
conditions. More recently, a theoretical expr3831on has been derived
that relates magnetic field intensity to the motion of a 180-degree
domain wall in a magnetic material (3). This expression, also, is
extremely nonlinear and would be difficult to apply to an analog
computer.

The Van der Pol equation provided still another analytical
approach to obtaining an expression relating B and H. The stimulus
for this consideration was the similarity of the phase plane plot
of the Vandar Pol equation and the dB/dT versus H plot of many
magnetic materials. Figure 2 shows a B-H loop obtained using the
Van der Fol equation. The B-H loop illustrated in Figure 2 was
generated in the following manner. The Van der POl equation, Equation 1,
was programed for the analog computer. Figure 3 illustrates

a2y dy
=k (1-y2) —— -y (1)
dt? dt

the analog solution. The computer was operated until the problem
settled into a limit cycle, and the period of the cycle was measured,
It should be noted that any simulation utilizing this particular
means of function generation would have to be time scaled to operate
at a frequency correspondlng to this period. Flnally;'é sinusoidal
input was added as an input to the 1ntegrator computing +[20y], as
illustrated in Figure 4. This sinusecid was added after the problem
was in a limit cycle and was caused to be zero and go positive as .
+[10y] became a positive value. If the added sinusoidal input e, is
H in Figure "4", then ~[10y] is B in Tigure "4"., It should be noted
that the problem can be started with the limit cycle as an initial
condition,



Figure 3 includes the details of this partlcular simulation.,
Considerable shaping of the B-H loop shown in Figure 2 can be
accomplished by varylng k in Equation 1 and the magnltude of the
added sinusoidal 1nput° No scale values are shown in Figure 2 since
amplitude scaling in the computer can adjust the width and height

of the loop to any desired value.

The complex1t1es of this type of function generation are
pointed out in the preceding paragraph. Several other disadvantages

hanld ho nnd .
should be pointed cut alsc. The functicon generation is only valid

for a sinusoidal input of a fixed frequency. Also, since tlme is an
independent variable in the Van der Pol equation, some complexity is
added in time scaling the overall problem. However, this difficulty
would not render the Van der Pol equation approach impractical in a
problem requiring a fixed frequency sinusoidal excitation.

One particularly significant advantage of this function
generator should also be pointed out. If the inputs to integrator
number 22 are summed in an amplifier prior to integration, dB/dT
would be available directly from the generator and a subsequent
differentiation would be avoided.

Two additional analytic expressions should be recorded that
have potential as a function generator relating B and H. Figure 5
shows a plot of Equation 2 for kj = 2 and, as can be seen from the
plot, it has the characteristic shape of a hysteresis loop.

B = tanh (B + H + k) (2)

Because of a lack of multiplying equipment, Equation 2 has
not been simulated in the analog computer. However, the following
observations should be recorded. The equation is time-independent
and, consequently, would present no time scaling problems. The
switching operation required by the double sign in the argument of
the hyperbolic tangent occurs when B is a maximum value and should
introduce no problems in the simulation. In order to program this
equation, the hyperbolic tangent has to be represented by its
equivalent, infinite series. Since only a limited number of terms
can be used in the simulation, some accuracy is sacrificed. Finzally,
operation on minor loops may cause some difficulties in the switching
operation. Figure 6 is an analog solution to Equation 2.

An Artificial Approach

An earlier report on this effort (4) discussed the work of
Ohteru and Takehashi who developed and used successfully a function
generator to simulate magnetic hypteresis characteristics (5,6,7).
This generator was used in the simulation of a saturable reactor
circuit and two magnetic amplifier circuits, and contributed
significantly to a study of some specific problems regarding magnetic



amplifiers. The function generator was difficult to construct and
keep operating, however, and discontinuities in the output of the
generator gave rise to numerous problems in the simulation. The
problems created by discontinuities in the output of this B-H
function generator are of particular interest because they point

out the advantages of a function generator that converts H into
dB/dT. In the simulation of a circuit involving magnetlc core
devices, dB/dT will be a needed variable. If it is prov1ded directly
by a function generator, a subsequent computer differentiation is
avoided.

Simulation of A Saturable Transformer Circuit

An earlier report on this effort discussed several simulations
of magnetic-core circuits, but no actual simulation results were
included in the report (4). The most realistic of these simulations-
was modified slightly and gave excellent results in a simulation of
a saturable transformer circuit,

Consider the saturable transformer circuit of Figure 7. The
following equations describe this circuit.

i) Ry + Ny (d¢/dt)

1. Ca

N2 d¥/dt = ij R,

2. @CL

3. Ny iy - Np iy = MMF

4, MMF and dp are related as shown in Figure 8.

It should be noted that the simulation described here is applicable
for any number of secondary windings on the saturable transformer
core.

Referring to the computer program of Figure 3, the following
observations should be made. It is typical of analog computer prograr:
in that it appears to be a "boot strap" operation. In amplifier 21,
the terms are summed that provide the absolute value of the voltage
available to be integrated by the core. A voltage proportional to
the MMF determines the proper sign of C? so that the output of
amplifier 23, !, differs from dd/dt only in that no provisions
are made for the ore to saturate. Integratlng i, the output cf
integrator 16 becomes 4) which is limited at ¢ s. Differentiiting

CP , a realistic d¢/dt is available at the output of amplifier 7.



Wwith d /dt and the applied voltage, as available, the remaining
variables are readily obtained, including the terms needed to compute

@, -

Consider the operatlon of the simulation for a sinusoidal
input. If C a is zero at time equal zero, the sum of the inputs
to amplifier 21 remains positive until the absolute value of QCa
exceeds plus Imag Ry, where Imag is the magnetizing current corre-
spondlng to (MMF)c in Figure 8, Ampllfler 21 inverts the sum of the
inputs and restricts _the sum to positive values only. Once the
absolute value of (_.a, exceeds Imag R}, (&, becomes a positive

value, the proper sign 1s then inserted by amplifiers 17 and 23,

and the resulting (21 is integrated to become - Observe that

the magnitude of ( a available to be integrated, @1, is further
reduced by the voltage drop in R} due to load currents. Any
number of secondary loads can be accounted for similarly.

Figures 10 through 16 illustrate the operation of this
simulation for a 60 cycle sinusoidal input. The problem has been
time scaled by a factor of 10-3 and, consequently, operates at
0.060 cycles per second machine time. The figures are discussed
in the following paragraphs. In every case, the value of & (B)
is initially zero. Any permissible value of ¢ can be inserted
as an initial condition. The final value of ¢ can also be readily
determined by returning the computer to a "Hold" condition from
"Operate" and reading the value of ¢ on integrator 16.

Figure 10:

Figure 10 illustrates a no-load or open circuited secondary
condition. The core is driven into saturation. A transient condition
can be observed during the first half cycle.

Figures 11 and 12:

These figures illustrate a loaded secondany condition.
Figure 12 is identical to Figure 11 except that secondary current
rather than primary current is a variable in Figure 12. As before,
the core is driven to saturation and a transient condition is
noted during the first half cycle.

Figures 13 and 1lu4:

Figures 13 and 14 correspond to Figures 11 and 12,
respectively, with the secondary load doubled.

Figures 15 and 16:

In Flgures 15 and 16, the excitation has been reduced to
less than critical. The loads and variables plotted are the same
as in Figures 13 and 14, respectively.,

Although the computer runs recorded here were made for a
sinusoidal excitation, the operation of this circuit should be
satisfactory for any excitation, It is also expected that any
number of linear or non-linear loads could be included in this



simulationo. In the simulation discussed here, any circuit parameter
can be readily changed. The gore loop width is controlled by a pot
setting and the saturating flux can be adjusted by fixing the limits
on integrator 16. Both of these values can be made variables in
more complex simulations. One significant disadvantage is the
necessity of differentiating the output of integrator 16 to obtain
d¢/dT. Differentiation is always avoided whenever possible in an
analog computer.

_ Table I listsall the potentiometer setti
circuit simulation, and the core parameters can
computer charts.
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Conclusions and Extensions

The simulation of a saturable transformer circuit discussed
here illustrates a technique by which the idealized characteristics
of a square-loop core can be included in a circuit simulation. The
simulation of the square-loop core is artificial in that the
characteristics of the core are fixed and any changes in an actual
core due to stresses will not appear in the simulation. The width
‘of the square loop can be made proportional to one or more variables
by including one or more multipliers in a more complex simulation,
and the saturation flux, @ s can be varied by making the limits
on integrator 16 in figure 9 a variable. These measures could
improve the simulation, but by no means perfect it.

The magnetic core characteristics included in the simulation
are good approximations, however, and the circuit simulation is
accurate and useful. There is no apparent reason why more complex
circuits could not be simulated with the square-loop core simulation
illustrated here.

A logical extension to this effort would be to simulate
circuits using switching transistors. Transistors with low values
of saturating base currents can likely be inserted directly into the
simulation by computing the base-emitter voltage and applying it
directly to the transistor. It is necessary that the computer
amplifiers be capable of saturating the transistor.

A major incentive for this effort was the thought that a
simulation of a circuit would provide a model into which faults
could be inserted and the results observed. Conventional and new
techniques will undoubtly be applied to such studies, but several
considerations are generally pertinent to analog computers and
should be pointed out, Every variable in a computer simulation
has been amplitude scaled so that the variable fits the operating
range of the computer, If a short circuit is to be inserted such
that a current will increase to 100 time its normal value, for
example, that current will probably have to be rescaled to provide
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for the increased amplitude. In many cases, large portions of a
simulation will require rescaling to provide for the fault conditions.
Also, the simulation should provide for the fact that any current
path has some impedance when inserting a shorted condition,

In some instances, faults will be more difficult to
simulate. An amplifier, for example, may be represented by a
constant gain under normal conditions, If it 1s over-loaded by a
fault condition, however, a simulation of the amplifier alone could

bhecome vervy comnlav if the fault Aandi+inan 3¢ +A ha Anhcaruvard
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Table I

Computer Potentiometer Settings

Parameter Value

10%/Ry
10-% N3 Ry/Ng
0.5 x 106/Ny
10-% Ry No/Nj
w
10-2 Ipag Ry
C a(Maximum Value)
5 Np/Ry,
10-3 Ny

Setting

0.960
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Figure 5
PleT of  B= Tanh (B+H22)
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